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Although the occurrence of ketosis is a postpartum phenomenon, recent studies have
focused on the prepartum period as key in the development of the disorder. Indicators of
prepartum energy status, such as depressed dry matter intake (DMI) and elevated plasma
non-esterified fatty acid (NEFA) concentrations have been associated with the occurrence
of ketosis. The objective of this study was to investigate the role of phosphoenolpyruvate
carboxykinase (PEPCK) in the periparturient and ketotic cow. The enzyme PEPCK
catalyzes the rate limiting step in gluconeogenesis in hepatocytes. Whereas, in adipocytes,
it has been suggested that PEPCK functions in the synthesis of glycerol for the formation
of triacylglycerol (TAG) when plasma glucose concentrations are low. Thirty-four
pregnant multiparous Holstein dairy cows were fed a single prepartum ration that
consisted of 50% oat hay, 18% corn silage and 32% grain mix (DM basis). The ration
was formulated to meet or exceed NRC requirements of 14% CP and 1.6 Mca1/kg NEL.
At calving, cows were transitioned onto one of two postpartum diets: control (n = 14) or
3.5% supplemental fat (n = 20). The postpartum diets, fed from wk 1 to 3, were
formulated to isonitrogenous and to meet NRC requirements. Both diets consisted of
Redacted for Privacy25% alfalfa, 25% corn silage and 50% grain mix. The control and fat diets contained 17.2 
and 17.6% CP and 1.67 and 1.74 Mcal/kg NEL respectively. Liver biopsies from 28 cows 
and adipose tissue biopsies from 6 cows were collected at -14, 2 or 3 and 14 d relative to 
calving. Tissue samples were analyzed for PEPCK mRNA and activity. All results were 
analyzed by period: prepartum (-21 to -2 d), freshening (2 to 7 d) and postpartum (8 to 21 
d). In a previous study in our lab, 25 and 75% cows on the control and fat diets, 
respectively, experienced ketosis. In the current study there a 40% occurrence of ketosis 
for both control and fat diet groups. The high occurrence in both diets may be attributed 
to the rapid transition from the dry cow ration (70:30 forage to concentrate ratio, DM 
basis) to the lactating cow ration (50:50 forage to concentrate ratio, DM basis). The cows 
on the fat diet had lower serum glucose at freshening. Cows with ketosis had higher 
prepartum body weights (788 kg) than non-ketotic cows (743 kg; P < .1). No prepartum 
differences were seen in body condition score, DMI, NEL balance, NEFA, glucose or 13­
hydroxybutyrate concentrations were detected between ketotic and non-ketotic cows. 
Expression of adipose PEPCK mRNA was not different between ketotic and non-ketotic 
cows. However, hepatic PEPCK mRNA expression was higher in non-ketotic cows at 
freshening when compared to ketotic cows. Cows that experienced ketosis had lower 
hepatic PEPCK activity prepartum (6.6 vs. 9.3 units /min/g protein) and postpartum (7.6 
vs. 10.2 units/min/g protein; P <0.5) when compared to non-ketotic cows. Our data 
indicated that hepatic PEPCK is a useful prepartum predictor of a cows susceptibility to 
ketosis. The Role of Phosphoenolpyruvate Carboxykinase in the Periparturient and Ketotic 
Dairy Cow. 
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1. LITERATURE REVIEW 
INTRODUCTION 
Average milk production per cow has increased tremendously over the past 20 
years (USDA, 1996). The upward production trend is primarily due to advancements in 
nutrition, genetics and management on the dairy. As performance of dairy cattle increases, 
so does potential for occurrence of metabolic disorders. One disorder of particular 
importance is ketosis. Clinical ketosis affects 2-15% of all cows on dairies in the United 
States (Baird, 1982). Since high producing cows are most susceptible to ketosis, 
occurrence of the disorder results in losses to the producer, not only in therapeutic costs, 
but also due to loss in milk production. 
The exact cause of ketosis is yet unknown. It is defined as an increase in plasma 
ketones due to a disorder in carbohydrate, lipid metabolism or both. Characterized by 
increased mobilization of adipose tissue, depleted liver glycogen and hypoglycemia 
(Church and Pond, 1988), ketosis involves many major metabolic pathways. Symptoms 
occur within the first 3-7 weeks of lactation, but recent studies have shown that 
development of ketosis and related disorders precedes calving (Grummer, 1993; Dyk and 
Emery, 1996). 
The enzyme phosphoenolpyruvate carboxykinase (PEPCK) is involved in 
gluconeogenesis and lipogenesis, both of which are key pathways in ketosis occurrence. 2 
gluconeogenesis and lipogenesis, both of which are key pathways in ketosis occurrence. 
The objective of this study is to further understanding of ketosis development and 
investigate the role of PEPCK in the periparturient and ketotic dairy cow 
THE PERIPARTUR1ENT PERIOD 
The periparturient period is the time that extends from the start of the dry period 
through early lactation. During this time major physiological changes are taking place in 
the cow. A cow is considered 'dry' during the time commencing with cessation of her 
current lactation to the initiation of her following one. Most dry periods last for an 
average of 60 days. During the dry period proper nutrition is critical for health of the 
cow, her calf, and the upcoming lactation. Sixty percent of fetal growth occurs during the 
final two months of gestation, therefore, as the fetus approaches maturity, energy demands 
on the cow increase (Van Saun, 1991). Currently the National Research Council (NRC) 
recommends rations with a single dietary energy and protein concentration for the 
duration of the dry period (NRC, 1989). Recent research has shown that these guidelines 
may not meet the energy requirements of the cow during the final 2 to 3 weeks of 
gestation. The increasing energy demands of the fetus and a naturally occurring drop in 
feed intakes (Gerloff, 1988; Van Saun, 1991) reduce the cows energy balance. This 
critical time, 2 to 3 weeks before calving, when feed intakes are declining, is known as the 
transition period (Grummer, 1997). 3 
Dry matter intake depression 
Many studies have reported that feed intakes decline by as much as 30% during the 
transition period. Marquardt et al. (1976) investigated the effect of parity and pregnancy 
on prepartum feed intake and documented that DM1 depression of cow's third and 
subsequent lactations was significantly higher than their first and second lactation 
counterparts from day 14 to 1 prepartum (29 and 18%, respectively). Bertics et al. (1992) 
reported a 28% drop in DM1 during the last 17 d prepartum. Others also reported similar 
prepartum reductions in feed intake in normal cows during the final 2 wk of gestation 
(Skaar et al., 1989; Vazquez-Anon et al., 1994; and Studer et al.,1993). If the energy and 
protein densities of the rations are not adjusted for the decline in DMI, the balance of 
these nutrients in the cow decrease. In the most extreme cases, this phenomenon can 
result in an energy and protein deficiency during the last few days before calving 
(Grummer, 1997). Rapid fetal growth, impending lactogenesis, and declining DM1 make 
nutrition during the transition period critical. 
Fluctuations in blood metabolites associated with pregnancy and calving 
As calving approaches, plasma estrogen and growth hormone concentrations 
increase, while progesterone and insulin concentrations decline (Hafez, 1987). These 
changes initiate a metabolic shift of homeorrhetic priorities from fetal growth to milk 
synthesis and lactation (Gerloff, 1988). Homeorrhesis is the adaptation ofan organized 4 
set of modifications that shifts the dominant physiological process (McNamara and Hillers, 
1986). As a result, adipose tissue becomes more sensitive to lipolytic hormones, such as 
epinephrine.  Declining serum insulin concentration reduces lipogenic activity and 
suppression of hormone sensitive lipase in adipose tissue promoting an overall increase in 
adipose tissue mobilization and a depletion of body fat reserves (Gerloff, 1988). 
Increased sensitivity of adipose tissue to lipolytic hormones and changes in metabolic 
priorities can be documented by changes in plasma non-esterified fatty acids (NEFA), 
glucose, and 13-hydroxybutyrate ((311B) concentrations. 
Non-esterified fatty acids 
The increase in lipolysis during the transition period results in mobilization of 
NEFA from the adipose tissues (Holtenius and Holtenius, 1996). As blood NEFA 
concentration increases, fatty acids are taken up by the liver proportionately, where they 
have one of three fates: 1) re-esterification to TAG for export or storage; 2) oxidation to 
CO2 in the tricarboxcylic acid cycle; or, 3) partial oxidation to ketone body precursors 
(Butler, 1972). In a normal cow, ketones produced can be used as an alternate energy 
source in some tissues, thus freeing glucose for lactogenesis. 
Studer et al. (1993) documented an exponential increase in plasma NEFA 
concentration from 2 d prepartum to calving. This spike in plasma NEFA concentrations 
was preceded by a more gradual two-fold increase that occurred over the 2 wk before 
calving (Studer et al., 1993; Bertics et al., 1992). The sharp rise in plasma NEFA 5 
concentration at calving is thought to due to a combination of factors, such as increased 
estrogen and epinephrine, decreased progesterone, and DMI depression that compound 
the effects (Grummer, 1993). Within a few days after calving, NEFA concentrations drop 
significantly and stabilize for the remainder of the lactation (Studer et al., 1993; Vazquez-
Afion et al., 1994). 
A study by Bertics et al. (1992) focused on maintaining DMI throughout the 
transition period by force feeding feed refusals through a rumen cannula. This resulted in 
a reduction of hepatic TAG infiltration from 225% in controls to 75% in force-fed 
animals. The author noted a trend of lower mean plasma NEFA concentration at 2 d 
prepartum in force-fed animals when compared to control animals (641 vs. 876 1.1M, P > 
.20). 
Glucose and 0-hydroxybutyrate 
Although closely regulated, glucose also fluctuates at parturition. A rise in plasma 
glucose concentrations was found to start at 2 d prepartum and peaked at calving (Studer 
et al., 1993). This steep increase at calving indicates that tissues are preparing for 
lactation by shifting metabolic priorities from fetal growth to mammary development and 
milk production (Gerloff, 1988). The peak in plasma glucose can be attributed to an 
increase in gluconeogenesis, breakdown of glycogen stores (Grummer, 1997) or both. 
Catecholamine and glucocorticoid hormones associated with calving are activators of both 
gluconeogenesis and glycolysis (Studer et al., 1993). Bertics et al. (1992) described an 6 
increase in prepartum plasma glucose concentrations at d 2 prepartum for force-fed 
animals versus controls (63.4 vs. 76.5 mg/dl, P = .02). The authors hypothesized that the 
increase in nutrient intake associated with force-feeding allowed glucose precursors to be 
more readily available for gluconeogenesis, thereby elevating prepartum glucose levels. 
Vazquez-Afion et al. (1994) reported a sharp decrease in plasma I3HB concen­
trations between d 3 and 5 prepartum, followed by an exponential rise at d 1 prepartum. 
An earlier study by Studer et al. (1993) reported prepartum 13HB concentration was 
reduced by propylene glycol administration, possibly due to the effects of increased insulin 
and reduced NEFA concentration. In a normal cow, prepartum increase ini3HB is 
primarily a result of the change in plasma insulin concentration. 
Negative energy balance 
Kunz and Blum (1985) characterized metabolic conditions of early lactation in 
normal cows reporting that glucose concentrations were depressed 10% and NEFA and 
131-D3 concentrations increased two-fold compared to prepartum levels. This compromised 
metabolism is due to decreased feed intakes before calving, not peaking again until 10-12 
weeks postpartum even though milk production peaks at 4-6 weeks postpartum (Foster, 
1988). During this time, cows typically lose body condition by mobilizing body fat 
reserves in an effort to meet their energy demands (Lean et al., 1994). Kunz and Blum 
(1985) reported a postpartum net energy balance to be -13.8 MJ/day in normal dairy 
cows. Because of the dramatic shift in homeorrhetic priorities at calving, it is expected 7 
that the early postpartum cow will be in a state of negative energy balance. Any 
deficiencies in a cow's ability to regulate nutrient flow during this time may result in 
metabolic disorders (Bell, 1995). 
KETOSIS 
Ketosis is a disorder of carbohydrate and lipid metabolism common in high 
producing dairy cows. The symptoms are an exaggeration of conditions that are typical of 
early lactation, hypoglycemia and elevated NEFA and 131-1B concentrations. Ketosis can 
occur on both the clinical and subclinical level and cause substantial losses in milk 
production. 
Characterization of Ketosis 
Four types of ketosis have been described: alimentary, primary underfeeding, 
secondary underfeeding, and spontaneous (Kronfeld, 1982). In alimentary ketosis, the 
ration is high in ketogenic precursors. Primary underfeeding induced ketosis is caused by 
low voluntary DMI, arising from a variety of reasons, such as palatability, availability, or 
cow comfort. Secondary underfeeding ketosis results when cows are off feed due to a 
pre-existing illness. The cause of spontaneous ketosis is not understood as it occurs in 
cows despite quality feeds, adequate consumption, and lack of a primary disorder 8 
(Kronfeld, 1982). Lean et al. (1994) characterized the symptoms of ketosis as elevated 
plasma NEFA and 1311B concentrations, lowered serum glucose, overall depression, 
reduced feed intake and milk yield, and lower net energy balance. Postpartum plasma 
NEFA and 1311B concentrations were found to increase three fold in ketotic cows, whereas 
glucose concentration was depressed by 15% when compared to non-ketotic cows (Lean 
et al., 1994). Cote et al. (1969) reported similar increases in NEFA, and 20% depression 
of glucose concentrations in cows with postpartum ketosis compared to normal cows. 
Bergman (1970) summarized ketosis research and defined the ketotic cow as having blood 
glucose less than 40 mg/dl and NEFA concentrations between 600 and 2000 gM Gratin et 
al. (1983) determined that ketotic cows can be characterized further by 131-1B 
concentrations greater than 10 mg/dl. Researchers testing cows in which ketosiswas 
induced found similar metabolic and physiological changes compared to cows with 
naturally occurring ketosis (Veenhuizen et al., 1991; Mills et al., 1986a; Young et al., 
1990). Milk yields drop by 13% from 3 to 7 weeks postpartum in ketotic cows (Deluyker, 
1991). 
Etiology of Ketosis 
Cows are most susceptible to ketosis during early lactation negative energy 
balance (Curtis, et al., 1985). There are a variety of theories concerning excessive 
production of ketones and subsequent development of ketosis. Krebs (1966) 
hypothesized that increased hepatic gluconeogenesis depleted oxaloacetate, thereby 9 
restricting the tricarboxcylic acid cycle which would lead to the accumulation of partly 
oxidized NEFA. These products can then be converted to ketones and excreted into the 
bloodstream. This theory was tested by investigating level of postpartum hepatic PEPCK 
activity (Baird et al., 1968; Ballard et al., 1968; Butler and Elliot, 1970). All studies 
reported hepatic gluconeogenesis was not increased in ketotic cows (Baird et al., 1968; 
Ballard et al., 1968) or in starved cows (Ballard et al., 1968; Butler and Elliot, 1970). 
Butler (1972) proposed a second hypothesis concerning ketone body production. He 
suggested that since increased gluconeogenesis was not the cause for limited oxaloacetate, 
perhaps synthesis of oxaloacetate itself was limited. Herdt (1988) further suggests that 
the build up of by-products from fatty acid oxidation within the mitochondria inhibit 
enzyme activity for synthesizes OAA from malate. 
Contrary to the reports that gluconeogenesis is not affected by ketosis, Mills et al. 
(1986b) showed evidence of impaired liver function in cows with ketosis. Their research 
illustrated a decreased hepatic metabolic function during a ketosis-induction protocol that 
was reversed by treatment and recovery. They hypothesized that impairment of hepatic 
gluconeogenic and oxidative function may protect cells from permanent damage,  as a 
result of changes in extracellular pH associated with ketone production. The impairment 
was significant only during the ketotic stage. Veenhuizen et al. (1991) also reported an 
impairment of hepatic gluconeogenic function during a ketosis induction protocol, and 
demonstrated that the impairment began at start of the induction, before clinical ketosis 
was diagnosed. 10 
Ketosis and fatty liver 
Another area of concentration in determining the cause of ketosis has been its 
close association to hepatic lipidosis (Herdt, 1988). Fatty liver had commonly been 
thought of as a postpartum disorder, but research has shown that there is a significant 
increase in TAG accumulation from 17 d prepartum to 1 d postpartum (Bertics, et al., 
1992; Herdt, 1988; Gerloff et al., 1986). Gerloff et al. (1986) reported that increased 
hepatic fat infiltration started during the dry period. Degree of infiltration was highly 
correlated to occurrence of metabolic disease and culling rates, indicating that production, 
reproduction or both had been compromised. In ruminants, NEFA released from adipose 
tissue in response to lipolysis, are taken up by the liver in a constant proportion. Large 
accumulations of fatty acids in the liver can result when synthesis of hepatic TAG exceeds 
hydrolysis, export and oxidation (Grummer, 1997). The profile of NEFA concentrations 
from a normal cow increases exponentially at 1 to 2 d prepartum. A study done by 
Vazquez-Aiion et al. (1994) implicated the acute rise in NEFA concentrations at calving 
as the primary factor in hepatic TAG infiltration. 
Endocrine changes associated with pregnancy and parturition, as well as DMI 
depression, are thought to contribute to the development of fatty liver. Bertics et al. 
(1992) reported that by eliminating the characteristic drop in prepartum DMI, hepatic 
TAG increased only 75% at d 1 postpartum, whereas in control cows, TAG increased in 
the liver by 227%. They concluded that the prepartum spike in NEFA concentration is a 
significant factor in the development of fatty liver, but not the sole cause. In this same 11 
study, a distinction was seen between mean prepartum NEFA concentrations in the 
control and treatment groups, although due to high variation between animals, it was not 
significant. Although this does suggest that depressed prepartum NEFA concentrations 
may also reduce hepatic TAG infiltration. Vazquez-Anon, et al. (1994) found that the 
gradual increase in NEFA concentration prepartum is not the largest contributor of hepatic 
TAG concentrations in normal cows, although it does account for some of the 
accumulation. Estrogen, of placental origin, increases as calving approaches and is also 
important in hepatic TAG accumulation. When plasma NEFA concentrations are 
elevated, estrogen increases deposition of TAG in the liver (Grummer, 1993). Studer et 
al. (1993) demonstrated that by drenching cows with propylene glycol during the last ten 
days before calving, they were able to lower plasma NEFA concentrations and decrease 
liver TAG d 1 postpartum by 32%. In a field trial, Dyk and Emery (1996) communicated 
that cows with postpartum ketosis had higher prepartum NEFA concentrations than 
healthy cows, possibly due to an increase in liver TAG infiltration. 
Ketosis induction protocols 
There are many metabolic pathways involved in the occurrence of ketosis. 
Lipolysis, lipogenesis, gluconeogenesis and glycolysis all play important roles in the 
homeorrhetic regulation of energy balance and lactation. Deficiencies in the ability of a 
cow to regulate energy balance and adipose tissue metabolism may account for her 
susceptibility to postpartum disorders. Researchers have used this information for 12 
developing ketosis-induction protocols. 
One common ketosis induction protocol includes over-feeding in the prepartum 
period to increase hepatic TAG infiltration, followed by postpartum feed restriction and 
rations high in ketogenic precursors (Mills, et al., 1986a). Of the five cows that 
underwent the aforementioned ketosis-induction protocol, four developed ketosis. In 
early postpartum, after prepartum over-feeding and before feed restriction and 1,3­
butanediol supplementation, plasma NEFA concentrations increased and plasma glucose 
became depressed in cows that developed ketosis when compared to healthycows. This 
indicated that other unidentified factors are influential in the development of ketosis. 
Theoretically, feeding supplemental fats in the early postpartum period would 
reduce the need for lipolysis and therefore reduce plasma NEFA concentrations. This 
would then reduce the severity of negative energy balance and improve metabolic health 
and production of the animal. However, in our lab, a diet designed to study the effects of 
feeding fat in the early postpartum period was associated with a 75% occurrence of 
secondary and spontaneous ketosis. During the first 4 - 5 wks postpartum cows 
supplemented with 3.5% fat postpartum had lower DMI and blood glucose and higher 
13HB concentrations compared to cows fed the control diet (P < .05). In other reports, 
feeding fat postpartum has not affected occurrence of disease, nor significantly improved 
metabolic or production status (Spicer et al., 1993, Jerred et al., 1990, Salfer et al., 1995). 
In a study by Spicer et al. (1993), feeding postpartum fat at 1.8% of dietary dry matter did 
not affect energy balance or DMI during the first four weeks postpartum. Jerred et al. 
(1990) reported that energy status during the first five weeks postpartum was not 13 
improved in cows fed rations with 5% supplemental fat. Other studies that focused on the 
early postpartum period and fat supplementation have shown that milk yieldswere not 
affected (Salfer et al., 1995, Jerred et al., 1990) and plasma NEFA concentrationswere 
increased in cows on a ration containing 5% fat (Skaar et al., 1989). We hypothesized 
that the affects of increased lipolysis and negative energy balance associated with the early 
postpartum period would be compounded by supplemental fat in the ration. Because 
ketosis is an amplification of the physiological conditions postpartum, supplemental fat in 
the ration created a situation where the animals that were predisposed to the disorder 
became susceptible to ketosis. 14 
PHOSPHOENOLPYRUVATE CARBOXYKINASE 
Biochemistry of phosphoenolpyruvate carboxykinase 
Phosphoenolpyruvate carboxykinase is a tissue specific enzyme found in a variety 
of vertebrate tissues such as hepatic, adipose, renal, jejunum, lung and mammary tissues. 
Utilizing oxaloacetate (OAA) as a substrate, PEPCK catalyzes the synthesis of 
phosphoenolpyruvate (PEP) [1] (Hanson and Patel, 1994). 
Oxaloacetate + GTP  Phosphoenolpyruvate + CO2 + GDP [1] 
Figure 1.1: The role of cytosolic and mitochondrial 
PEPCK in hepatic gluconeogenesis. @ PEPCK-M, © 
PEPCK-C (Hanson and Patel, 1994). 15 
The metabolic role of PEPCK varies with tissue type. The following discussion focuses 
on hepatic and adipose tissues only. The role of PEPCK in hepatic tissues is to catalyze 
the rate-limiting step of gluconeogenesis (Figure 1.1). Conversion of OAAto PEP is the 
first step in reversing the thermodynamically unfavorable pyruvate kinase reaction, thereby 
allowing de novo gluconeogenesis to proceed. Oxaloacetate can be derived from the TCA 
cycle, pyruvate, or gluconeogenic amino acid precursors. The enzyme PEPCK is also an 
important enzyme in the conversion of lactate to PEP for glucose synthesis. 
In adipose tissue (Figure 1.2) it is thought that by catalyzing the same reaction, 
PEPCK is a key enzyme in glycerol synthesis, known as glyceroneogenesis, during 
hypoglycemia. By synthesizing glycerol de novo in the adipocyte, fatty acids can be 
Figure 1.2: The role of PEPCK in adipose 
glyceroneogenesis. OO PEPCK-M,  PEPCK-C. (Hanson 
and Patel, 1994). 16 
recaptured to form TAG. This allows NEFA release into the blood to be regulated, 
preventing a flood of ketogenic precursors to the liver. Ballard et al. (1967) characterized 
the role of adipocyte PEPCK. They reported in rats during periods of starvation, pyruvate 
is incorporated into a-glycerophosphate via a pathway involving PEPCK. This 
incorporation was decreased by the presence of glucose and insulin. The authors 
suggested that the physiological significance of PEPCK in adipose tissues may be to 
maintain a pool of a-glycerophosphate for the synthesis of TAG during periods of limited 
glucose supply to prevent unregulated mobilization of body tissues associated with 
negative energy balance or starvation. 
Isoforms of PEPCK 
Two forms of PEPCK exist (Figures 1.1 and 1.2), mitochondria' (PEPCK-M), and 
cytosolic (PEPCK-C). Cellular distribution and regulation of the isozymes varies in 
different species. In rats, where a majority of the data has been derived, hepatic 
distribution of cytosolic and mitochondrial forms is 90% and 10%, respectively. In 
humans, distribution of the two forms is 50% cytosolic and 50% mitochondrial, whereas in 
birds, only the mitochondria' form is active (Hanson and Patel, 1994). Thegene 
expression of PEPCK-M was-found to be constitutive, and its half-life is approximately 60 
hours. In contrast, PEPCK-C has a half-life of only about 8 hours and is acutely regulated 
by hormones associated with glucose metabolism. The mRNA of PEPCK-C has a half-life 
of 30 minutes, which allows for rapid regulation of gluconeogenesis (Hanson and Patel, 17 
1994). Because PEPCK research has primarily been in rats and PEPCK-M is 
constitutively expressed, most of the data concerns PEPCK-C. 
Regulation of PEPCK-C in monogastrics 
Regulators of PEPCK-C include glucagon (via cAMP), insulin, glucocorticoids, 
prolactin, catecholamines and thyroid hormones. There are no known allosteric regulators 
of PEPCK-C, gene expression and activity have been found to be highly correlated in rat 
hepatic, adipose and renal tissues (Hanson and Patel, 1994). Table 1.1 provides a 
summary of the factors that regulate PEPCK-C. 
Insulin and glucagon 
Phosphoenolpyruvate carboxykinase is an enzyme that is induced by low insulin to 
glucagon ratios. This is characteristic of a state of starvation. Gorin et al. (1969) 
described increased glycerol synthesis and concurrent increases in PEPCK activity in 
adipose tissue of fasted and diabetic rats (insulin resistance). Glucagon induces hepatic 
PEPCK gene via cAMP. The second messenger, cAMP, is responsible for the activation 
of lipolysis during hypoglycemia, and yet it simultaneously stimulates PEPCK gene 
expression (Antras-Ferry et al., 1994). This seems contradictory, in that PEPCK has a 
lipogenic effect of increasing fatty acid re-esterification. It has been suggested that the 
seemingly opposing effects of cAMP, serve to regulate fatty acid release and subsequent Table 1.1: Factors that regulate the concentration of PEPCK-C in monogastric tissues. 
Stimulus  Factors  Tissue  Mechanism  Species  Reference 
Increased PEPCK-C 
Starvation  Glucagon (cAMP)  Liver  transcription  Rat  Gorin et al., 1969 
Adipose  transcription  Rat  Gorin et al., 1969 
Short term  Catecholamines  Liver/Adipose  enzyme synthesis  Rat  Reshef and Hanson, 1972 
stressors 
Long Term  Glucocorticoids  Liver  transcription  Rat  Gorin et al., 1969 
stressors 
Lactation  Prolactin  Liver/Mammary  enzyme synthesis  Rat  Hanson and Patel, 1994 
Growth  Thyroid Hormones  Liver  transcription  Rat  Hanson and Patel, 1994 
Diabetes  Liver/Adipose  transcription  Rat  Gorin et al., 1969 
Decreased PEPCK-C 
Feeding  Insulin  Liver  transcription  Rat  Gorin et al., 1969 
Adipose  transcription  Rat  Meyuhas et al., 1976 
Gorin et al., 1969 
Stress  Glucocorticoids  Adipose  transcription  Rat  Meyuhas et al., 1976 
Gorin et al., 1969 
Carb. Diet  High dietary glucose  Liver/Adipose  transcription  Rat  Hanson and Patel, 1994 
No Effect on PEPCK-C 
Feeding  Insulin  Adipose  mRNA stabilization  Rat, Mice  Nandan and Beale, 1992 
Diabetes  Adipose  mRNA stabilization  Rat, Mice  Nandan and Beale, 1992 
Starvation  Glucagon (cAMP)  Adipose  mRNA stabilization  Rat, Mice  Nandan and Beale, 1992 19 
ketogenesis that would result from lipolysis without controls (Reshef, et al., 1970). High 
insulin to glucagon ratios repress PEPCK-C activity. This condition is associated with 
increased blood glucose or the 'fed' state. Insulin acts by reducing the basal transcription 
of the PEPCK-C gene (Hanson and Patel, 1994). 
Glucocorticoid 
Glucocorticoids, such as cortisol, are released in response to long term stressors. 
One of its many functions is proteolysis of peripheral tissue for the release of 
gluconeogenic precursors (Norman and Litwack, 1987). In addition to supplying 
precursors of gluconeogenesis, glucocorticoids increase hepatic PEPCK-C activity, and 
therefore gluconeogenic activity. Glucocorticoids have a dissimilar effect on adipose and 
hepatic tissues, increasing activity in the liver and at the same time, decreasing adipose 
tissue PEPCK activity (Patel et al. 1994; Gorin et al., 1969). This tissue specific 
regulation of activity may help to explain why adrenalectomy reduces hyperglycemia in 
diabetic animals (Friedman et al., 1993). By eliminating the source of glucocorticoids, the 
adrenal gland, an inhibitor of adipocyte PEPCK is removed. This decreases lipolysis, and 
at the same time reduces gluconeogenesis by eliminating an activator of hepatic PEPCK 
(Hanson and Patel, 1994). 20 
Catecholamines 
Secreted from the adrenal medulla, catecholamines are necessary for an animals 
physiological response to an acute stressor. Classically known as the hormones of flight 
or fight, they also act with glucocorticoids in response to long term stressors (Norman and 
Litwack, 1987). Reshef and Hanson (1972) found that in rat adipose and liver tissues, 
catecholamines induced PEPCK-C activity. They suggested that this induction resulted in 
increased glucose production for immediate use and regulation of lipolysis for future 
energy use. 
Data for monogastric regulation of PEPCK is extensive, for a more in depth 
description of the regulation of PEPCK-C, Hanson and Patel (1994) is an excellent 
review. 
PEPCK research in ruminants 
Ruminant PEPCK research is considerably more limited in scope and depth. Role 
of the enzyme in both liver and adipose tissue is thought to be the same as is seen in rats, 
but differences in regulation have been discovered. Table 1.2 provides a review of the 
literature on ruminants.Taylor et al. (1971) reported differential distribution of the hepatic 
cytosolic and mitochondrial forms of PEPCK in sheep to be 30 and 70%, respectively. 
Heitman et al. (1972) reported in bovine liver tissues the two forms of PEPCK were 
evenly distributed between mitochondrial and cytosolic fractions. Similar to non­Table 1.2: Factors that regulate the concentration of PEPCK-C in ruminant tissues. 
Stimulus 
Diabetes 
Lactation 
Factors 
Increased PEPCK-C 
Tissue 
Liver 
Liver 
Mechanism 
enzyme synthesis 
enzyme synthesis 
Species 
Sheep 
Cow 
Reference 
Filsell et al., 1969, 
Taylor et al., 1971 
Mesbah and Baldwin, 1983 
Decreased PEPCK-C 
Long term  Glucocorticoids 
stressor 
Liver  enzyme synthesis  Cow  Baird and Heitzman, 1970, 
Heitzman et al., 1972 
No Effect on PEPCK-C 
Long term  Glucocorticoids 
stressor 
Growth  Somatotropin 
Starvation  Glucagon (cAMP) 
Ketosis 
Liver 
Liver/Adipose 
Liver 
Liver 
enzyme synthesis 
enzyme synthesis 
enzyme synthesis 
mRNA stabilization 
enzyme synthesis 
Sheep 
Goat 
Sheep 
Cow 
Cow 
Cow 
Filsell, et al., 1969 
Vernon, et al., 1995 
Taylor et al., 1971, 
Filsell, et al., 1969 
Ballard et al., 1968, 
Butler and Elliot, 1970 
She et al., 1997 
Baird et al., 1968, 
Ballard et al., 1968 22 
ruminants, the activity of the mitochondrial form of the enzyme did not fluctuate. 
Specifically, 48 hours after glucocorticoid administration, no change was seen in PEPCK­
M, whereas PEPCK-C was depressed to 36% of pre-treatment levels. 
There are differences in regulation of PEPCK-C in ruminants animals as well. 
Most notably is the regulation by glucocorticoids. In hepatic tissue, glucocorticoids were 
found to decrease PEPCK-C enzyme synthesis (Baird and Heitzman, 1971; Heitzman et 
al., 1972) An earlier study in sheep, had shown no change in hepatic PEPCK with 
glucocorticoid treatment, (Filsell et al. 1969), but as was noted in a later paper, the 
isozymes of PEPCK had not yet been identified. 
Another difference between ruminants and non-ruminants is PEPCK-C regulation 
by feeding and starvation. Because ruminants synthesize glucose from propionate, 
gluconeogenesis is highly regulated and under homeorrhetic controls. No changes in 
PEPCK-C were seen in fasted cows (Ballard et al., 1968; Butler and Elliot, 1970) or sheep 
(Taylor et al., 1971; Filsell, et al., 1969). Similar to monogastrics, increases in PEPCK-C 
activity were found in diabetic sheep (Filsell, et al., 1969), which would lead to the 
conclusion that insulin does have an inhibitory effect on PEPCK in ruminants. 
The role of the enzyme PEPCK in the occurrence of ketosis has been investigated 
(Baird et al., 1968, Ballard et al., 1968). Because of documented impairment of 
gluconeogenic function in hepatic tissue and unregulated fatty acid release in adipocytes 
during ketosis, preliminary studies were done investigating changes in PEPCK activity and 
gene expression that were associated with ketosis. These studies did not find differences 
in PEPCK activity (Baird et al., 1968, Ballard et al., 1968) or mRNA (She et al., 1997) 23 
between ketotic and non-ketotic animals. Earlier studies were limited by invasive biopsy 
techniques (2 of the 6 cows from Ballard et al. (1968) died after liver biopsies) and neither 
of the studies characterized the diets of ketotic or normal animals. She et al. (1997) 
investigated changes in hepatic mRNA in response to a ketosis induction protocol and 
focused only on the postpartum period. Because ketosis is considered a disorder that 
originates in the prepartum period, an investigation into PEPCK during the periparturient 
period is warranted. 24 
2. THE ROLE OF PHOSPHOENOLPYRUVATE CARBOXYKINASE IN 
PERIPARTURIENT AND KETOTIC DAIRY COWS. 
INTRODUCTION 
Average milk production per cow has increased tremendously over the past 20 
years (USDA,  1997).  The upward trend in production is primarily due to advancements in 
nutrition, genetics and management on the dairy. As performance of the dairy cow 
increases, so does the potential for occurrence of metabolic problems. One problem of 
particular importance is ketosis. Currently, ketosis affects 2-15% of all cows on United 
States dairies (Baird, 1982).  This results in losses to the producer, not only in therapeutic 
costs, but also from loss of milk production. 
Kronfeld (1982) characterized four types of ketosis: primary underfeeding ketosis, 
secondary underfeeding ketosis, alimentary ketosis, and spontaneous ketosis. Primary 
underfeeding ketosis occurs a when cow's diet is not nutritionally adequate. Secondary 
underfeeding ketosis is the result of a voluntary drop in dry matter intake (DMI) due to 
the occurrence of another disorder. Alimentary ketosis, arises when feeds are high in 
ketogenic precursors; and, lastly, spontaneous ketosis, develops despite feeds that are 
nutritionally adequate and in the absence of a primary disorder. This study is concerned 
with occurrences of secondary and spontaneous ketosis. Although environmental 
conditions that contribute to these disorders are common to all cows on the dairy, not all 
animals develop ketosis. This suggests that there are physiological differences between 25 
cows that influences their susceptibility to ketosis. 
Ketosis is characterized by a drop in DMI, lethargy, decreased milk production and 
serum glucose, and an increase in plasma non-esterified fatty acids (NEFA) and serum 13­
hydroxybutyrate ((3HB). Symptoms typically develop between 7-21 days postpartum as 
the result of an energy deficit brought on by the start of lactation. Recent research by Dyk 
and Emery (1996) has shown that elevated NEFA concentrations late in the dry period 
increase the likelihood of ketosis occurrence This suggests physiological conditions that 
increase susceptibility to the disease are present prepartum, and not simply resulting from 
postpartum energy deficit (Holtenius and Holtenius, 1996). 
There are also changes in a cow's energy status late in gestation that can 
significantly affect postpartum health. Feed intakes characteristically drop 30% during the 
two weeks before calving (Grummer, 1997). This is in association with changes in the 
hormones associated with pregnancy and parturition, such as increased estrogen and 
decreased progesterone (Gerloff, 1988). Concurrently increasing somatotropin levels, 
increase sensitivity of adipose tissues to lipolytic hormones (Van Saun, 1991). Hepatic 
uptake of fat is proportional to the concentration of plasma NEFA. If hepatic uptake of 
NEFA exceeds the rate of its hydrolysis and export, the condition known as fatty liver 
develops. This disease has been implicated in the occurrence of ketosis (Young et al., 
1990). Clearly, physiological and metabolic changes in the periparturient period, -3 to 3 
weeks, are important in the occurrence of metabolic disorders. This study focuses on that 
period as pivotal in the development of ketosis. 
The gluconeogenic enzyme phosphoenolpyruvate carboxykinase (PEPCK) is found 26 
in many tissues, including liver, adipose, kidney and small intestine and regulation is tissue 
specific. In the liver, PEPCK converts oxaloacetate to phosphoenolpyruvate, a key step in 
the de novo synthesis of glucose. Two forms of the enzyme have been characterized, 
cytosolic and mitochondrial. The cytosolic form has a very short half-life and is very 
responsive to hormonal changes associated with feed intakes. The mitochondrial form 
does not fluctuate readily with changes in energy status (Hanson and Patel, 1994). 
In adipose tissue it is thought PEPCK catalyzes the synthesis of glycerol from 
pyruvate or amino acid precursors in the absence of glucose. When glucose is low, 
triacylglycerols (TAG) are broken down to provide some tissues with NEFA as a 
supplemental energy source. Under these conditions, extra-hepatic glucose is not 
available as the backbone for TAG synthesis. In order to regulate release of NEFA, 
PEPCK catalyzes formation of the substrate for glycerol synthesis, thereby allowing 
NEFA to be trapped for the formation of TAG before the fatty acids can leave the 
adipocyte, thereby, regulating NEFA release (Hanson and Patel, 1994). Because PEPCK 
is important in glucose synthesis and regulation of serum NEFA, the role of this enzyme in 
the development and occurrence of ketosis was investigated. 
The objective of this study was to investigate the significance of commonly 
measured prepartum variables in ketosis occurrence and to characterize the role of adipose 
and hepatic PEPCK in periparturient and ketotic cows. 27 
MATERIALS AND METHODS 
Study Design 
The design for this trial was a 2 x 2 factorial arrangement with a prepartum control 
diet. The two factors were postpartum diet [control (C) vs 3.5% supplemental fat (F)] 
and occurrence of ketosis in early lactation (no ketosis vs. ketosis). Cows were blocked 
by age and randomly assigned to treatment group, resulting in 60% of the cows at third 
lactation or greater. There were three phases to the experiment: a preliminary study, the 
main study and a follow-up study. The preliminary study was performed to identify the 
interval and frequency of tissue biopsies that would best reflect changes in PEPCK. The 
six cows on the preliminary study were fed the C diet postpartum. Six to eight liver 
biopsies were performed on each animal with at least four days between biopsies. 
Twenty-two cows on the main study were fed the F or C postpartum diet. Liver biopsies 
were performed at -14, 2 or 3 and 14 d, relative to expected and actual calving dates. 
Adipose tissue samples, also collected from these animals, had inadequate sample volume 
postpartum because of acute mobilization of body fat. To collect large quantities of 
adipose tissue for analysis, a follow-up experiment was carried out with six cows which 
were fed the F postpartum diet. The statistical analyses for blood measurements, feed 
intakes, milk production, BW and BCS included all cows (n = 34). 28 
Animals and Diets 
Thirty-four multiparous Holstein dairy cows were housed at the Oregon State 
University Dairy Center in a free stall dry cow barn with Ca lan® doors. From -8 to -3 
weeks before expected calving, cows were fed a far-off dry cow ration consisting of 20 % 
corn silage, 15 % grass silage, 25 % oat hay, 15 % alfalfa hay, 2 % whole cottonseed, 20 
% pelleted grain mix and 3 % mineral supplement. The forage to concentrate ratio of this 
ration is 75:25 (DM basis) and 47% DM. The ration met or exceeded NRC (1989) 
requirements for CP (12%) and energy (1.2 NEL, Mcal/kg). 
At 4 wk prepartum animals were trained in use of the Calan doors for one week, 
after which individual feed intakes were recorded daily until three weeks postpartum. 
Cows were fed on an ad libitum basis and had unlimited access to water. Starting at 3 wk 
prior to expected parturition, all cows were fed the same prepartum ration (Table 2.1). 
This diet met or exceeded the NRC (1989) nutrient recommendations for dry cows of 
12% CP and 1.2 Mcal/kg of NEL and had a 68:32 forage to concentrate ratio (DM basis). 
The postpartum diets (Table 2.2) were 51:49 forage to concentrate ratios pm basis). 
These diets were designed to be isonitrogenous but not isocaloric. The pelleted grain was 
similar in both postpartum rations, except for an additional 3.5% fat in the treatment grain. 
These diets were fed until 21 days postpartum. For all three rations, the grain mix and 
forages were blended in a Uebler mixer wagon resulting in a total mixed ration that was 
offered once daily. Feeds were collected weekly, dried for 48 h at 60° C and the rations 
were adjusted for moisture content. Monthly composited samples were ground through a 29 
1 mm sieve on a Wiley mill and stored at -20° C until nutrients were analyzed. 
Prepartum cows were housed in a free stall area in the dry cow bam from four 
weeks prepartum to a few days before calving. The animals were then moved to 
individual maternity pens for calving where they stayed for six to eight millings. After 
calving, the cows were moved to a second Calm door area in the lactating cow barn 
where they were housed for 2 to 3 weeks, then they returned to the herd. All 
experimental animals were housed separately from the other animals in the herd. 
Diagnosis and treatment of ruminal acidosis, displaced abomasum, milk fever, retained 
placenta, dystocia, and uterine infections was determined by herdsman and herd 
veterinarian to insure cows were treated the same regardless of treatment groups. The 
onset of any health disorders, their treatment and duration was recorded. 
Sampling techniques and Assays 
Liver samples were collected by percutaneous needle biopsy. The incision site was 
cleaned with 70% ethanol and an iodine scrub. Five mis of lidocaine was injected into the 
surgical site. A 12 to 15 mm incision was made at the 12th intercostal space that lies on a 
line from the hip to the elbow and approximately 1 g of tissue was removed (Mills et al., 
1986). Samples were placed in sterile foil and frozen in liquid nitrogen (Skaar et al., 
1989) for transport back to the lab where they were stored in a -80° C freezer. Fat 
samples were collected from the tail head area. Each cow was given a caudal epidural of 
6 mls of lidocaine prior to surgery. An 5 cm incision was made through the skin to expose 30 
Table 2.1. Ingredients and chemical composition ofprepartum total mixed ration. 
Ingredient composition 
Oat hay' 
Corn silage 2 
Ground corn 
Soybean meal 
Calcium carbonate 
Magnesium oxide 
Salt 
Selenium (.06%) 
Trace mineral premix 3 
Vitamin premix 4 
Chemical composition 
Dry Matter, % 
Crude protein, %
 
Undegraded intake protein, %
 
NE,, Mcal/kg
 
Acid detergent fiber, %
 
Neutral detergent fiber, %
 
Crude fat, %
 
Calcium, %
 
Phosphorus, %
 
Magnesium, %
 
Potassium, %
 
DCAD. mEq/kg 5
 
-- % DM Basis- ­
50.0 
18.1 
18.9 
12.2 
0.29 
0.28 
0.24 
0.049 
0.046 
0.013 
61.5
 
--DM Basis- ­
14.0 
31.7 
1.64 
24.4 
41.8 
2.8 
0.41 
0.24 
0.29 
1.65 
324 
' Oat hay = 90% DM, 9.0% CP, 34.7% ADF, 57.5% NDF.
 
2 Corn silage = 25.5% DM, 7.2% CP, 32.8% ADF, 55.1% NDF.
 
3 Trace mineral mix: .035% Co; 3.2% Cu; 16.0% Fe; 12.8% Mn; .192% I; and 12.8% Zn.
 
4 Vitamin premix (unit/g): vitamin A, 60,000 IU; vitamin D, 44,000 IU; vitamin E, 500 M.
 
'Dietary cation-anion difference = (Na + K) - (Cl +S)
 31 
Table 2.2. Ingredients and chemical composition of postpartum total mixed ration. 
Ingredient composition 
Alfalfa hay 
Corn silage 2 
Ground corn 
Soybean meal, dehulled 
Soybean hulls 
Extruded nugget ®3 
Animal fat 
Urea 
Dicalcium phosphate 
Calcium carbonate 
Salt 
Mg-K-S 4 
Selenium (.06%) 
Trace mineral 5 
Vitamin pre-mix 6 
Chemical composition 
Dry Matter, % 
Crude protein, %
 
Undegraded intake protein, %
 
Mcal/kg
 
Acid detergent fiber, %
 
Neutral detergent fiber, %
 
Crude fat, %
 
Calcium, %
 
Phosphorus, %
 
Magnesium. %
 
Alfalfa hay = 85% DM, 17.6% CP, 33.1% ADF, 33.7% NDF. 
2 Corn silage = 25.5% DM, 7.2% CP, 32.8% ADF, 55.1% NDF. 
Control  3.5% Fat 
--% Dry Matter Basis- ­
25.00  25.00 
25.00  25.00 
18.99  10.39 
11.96  9.46 
14.91  15.63 
10.52 
0.60  0.55 
0.51  0.51 
1.03  1.08 
0.67  0.64 
0.50  0.50 
0.61  0.62 
0.048  0.048 
0.046  0.046 
0.018  0.018 
53.0  53.1 
--Dry Matter Basis- ­
17.2  17.6 
30.2  28.4 
1.67  1.74 
25.4  26.1 
40.3  40.6 
4.3  7.8 
1.01  0.87 
0.47  0.47 
0.26  0.24 
3 Nugget® = 94% DM, 20.5% CP, and 40% fat, Purina Mills Inc., St. Louis, MO
 
4 Mineral premix: 11% Mg; 18% K; and 22% S.
 
5 Trace mineral mix: .035% Co; 3.2% Cu; 16.0% Fe; 12.8% Mn; .192% I; and 12.8% Zn.
 
6 Vitamin premix (unit/g): vitamin A, 60,000 IU; vitamin D, 44,000 IU; vitamin E, 500 IU.
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subcutaneous fatty tissue. A 2 to 4 gm sample was excised with forceps and a scissors, 
placed in sterile foil and frozen in liquid nitrogen for transport back to the lab and were 
stored in a -80° C freezer. The incision was sutured closed, sprayed with a topical 
antiseptic and monitored for infection. 
Weekly blood samples were collected from the coccygeal vein of each cow from 
- 21 to 21 days postpartum. Additional samples were collected three times per week from 
- 7 to 7 days postpartum. Serum samples for analysis off3HB and glucose concentrations 
were collected in EDTA treated vacutainer tubes. Blood for glucose analysis was 
collected in tubes separate from those for 13HB analysis and were treated with 2 mg/m1 of 
sodium fluoride solution. The tubes were treated at the time of collection. Plasma samples 
for NEFA analysis were collected in untreated vacutainer tubes. Blood samples were 
centrifuges at 500 x g for 30 min on day of collection. Plasma or sera was collected and 
stored at -20° C until analyzed. Assays for glucose (Sigma Diagnostics, Kit #510, St. 
Louis, MO), BHB, (Sigma Diagnostics, Kit # 310 St. Louis, MO), NEFA (Wako Pure 
Chemical Industries Richmond, VA) and calcium (Trudeau and Freier, 1967) 
concentrations were conducted at the end of the trial. Cows were determined ketotic if 
plasma glucose concentration was < 40 mg/100 ml, BHB concentration > 10 mg/100 ml 
and NEFA concentration > 1000 uM during the first three weeks postpartum. 
Body condition scores (scale: 1 = thin to 5 = obese; Wildman, 1982) and body 
weights were recorded weekly. Cows were milked two times per day at 400 and 1600 h 
and milk production was recorded daily. Forage samples were collected every two weeks 
dried and analyzed for DM (%) and then ground and frozen at -20° C. Feeds were then 33 
analyzed for ash, CP, and crude fat, according to methods by AOAC (16th edition) and for 
NDF, ADF (Goering and Van Soest, 1970) with modifications from Mertens (1992). 
Adipose and liver samples were assayed for PEPCK activity as described in 
Hansen et al. (1976). Not all tissue samples were large enough for both activity and 
mRNA analysis, preferential weight was give to mRNA analyses. Absorbance was 
recorded at 340 nm from a Beckman Spectrophotometer. A blank was run for each sample 
without PEP, which serves as the substrate for the reaction. The protein concentration of 
the homogenate was determined by a dye binding assay (Bradford, 1976) with bovine 
serum albumin as a standard. Enzyme activity was expressed as iimoles/min/g protein. 
Both fat and liver samples were subjected to InRNA isolation by a modified acid 
guanidinium thiocyanate-phenol-chloroform extraction (Chomezynski and Sacchi, 1987). 
Methods for isolation of mRNA and Northern blot procedure are detailed in Appendix 1. 
After tissue homogenization, two equal volume chloroform extractions were carried out 
(Donkin, personal communication, 1996). The top (aqueous) phase was removed to a 
clean tube for chloroform phenol extraction. After isolation, Northern blots were 
performed. The PEPCK probe was from a plasmid containing cDNA encoding PEPCK, 
provided by Dr. Richard Hanson, Case Western Reserve University. The probe was 
labeled according to the Boeringher Mannheim Random Prime Labeling kit with 1332­
dCTP. The blot was then re-probed with 18S RNA probe (Olsen et al., 1986), an 
oligonucleotide probe specific for 18S RNA, labeled with y-dATP and t4 polynucleotide 
kinase following manufacturers recommendations (Promega). The 18S is used to 
standardize the PEPCK band for unequal loading or poor integrity. Both the 18S film and 34 
the PEPCK film were then scanned into the computer and quantitated by a densitometer. 
Six mRNA samples were lost due to RNase contamination or background contamination 
of the blot. 
Statistical Analyses 
Periods for analysis are defined as follows: prepartum (-21 to -2 ), freshening (2 to 
7 d) and postpartum (1 to 3 wk). When parity was included in the model the only 
significant factor was occurrence of disorder. Therefore, it was dropped from the model. 
Statistical analyses during the prepartum period was by one-way ANOVA of SAS (1989) 
according to the model: 
= +  + eii [1] 
where, 
= dependant variables for BCS, BW, DM1, hepatic PEPCK activity and mRNA, 
adipose PEPCK mRNA, NEFA, 131-1B, glucose, calcium concentrations and energy 
balance, 
= overall mean of the population, 
IC; = effect of postpartum ketosis i, (1 or 0), 
= unexplained error term assumed to be independent and identically distributed 
as N(0, oil). 
Statistical analyzes during freshening and postpartum periods were by least squares 2 x 2 
factorial analysis using a linear model on measured data and logistic transformation of 35 
categorical data of SAS according to the model: 
Yti = IA + Ki + Di + KA +Cult [2] 
where, 
Yii = dependant variables for BCS, BW, DMI, hepatic PEPCK activity and mRNA, 
adipose PEPCK mRNA, NEFA, J3HB, glucose, calcium concentrations and milk 
production, 
la = overall mean of the population, 
1Ci = effect of postpartum ketosis i, (0 or 1), 
Di = effect of postpartum diet j, (C or F), 
KDI = interaction of postpartum diet and ketosis, 
eiild = unexplained error term assumed to be independent and identically distributed 
as N(0, 022). 
No diet by ketosis interactions were significant and therefore not reported in the 
results. Differences between cows with postpartum occurrence of ketosis and without 
postpartum occurrence of ketosis, as well as treatment differences were considered 
significant at P = .05. 36 
RESULTS 
Animals 
At the beginning of the trial (4 wk prepartum) the cows averaged 770 ± 14 kg 
(mean ± SD), had a body condition score (BCS) of 3.42 ± 0.10 and had completed 3.2 ± 
0.1 lactations. There were no significant differences in BCS by the main effect of ketosis 
or diet by period (Table 2.3). Cows that experienced postpartum ketosis tended to have 
higher BW (P = .12). During the freshening and postpartum period there were no 
differences in BW by postpartum diet or the occurrence of ketosis. 
Table 2.3: Mean body weights and body condition scores by main effect of postpartum 
diet and postpartum occurrence of ketosis. Periods defined as prepartum (-21 to -2 d), 
freshening (2 to 7 d) and postpartum (7 to 21 d). 
Postpartum disorder  Postpartum diet 
No ketosis Ketosis  P  Control 3.5%Fat  P  SEM' 
Cows number  20  14  13  21 
Body weight, kg 
Prepartum  743  788  .12  --­ 12 
Freshening  662  681  .56  670  673  .93  15 
Postpartum  629  643  .59  630  641  .70  12 
Body condition score (scale: 1 = thin, 5 = obese) 
Prepartum  3.38  3.47  .80  --­ .07 
Freshening  3.22  3.24  .97  3.12  3.21  .83  .11 
Postpartum  2.97  2.94  .89  2.93  2.98  .83  .09 
SEM = standard error of the mean. 37 
Occurrences of disorders 
The occurrences of disorders by postpartum C and F diets are reported on Table 
2.4. Approximately 40% of cows fed either the C and F diet experienced ketosis (Table 
2.4). The occurrences of secondary and spontaneous ketosis were similar for cows on 
both diets (Table 2.4). The high overall occurrence of ketosis on the study may be 
attributed the sudden transition from the dry cow ration (70:30 forage to concentrate 
ratio, DM basis) to the lactating cow ration (50:50 forage to concentrate ratio, DM basis). 
The occurrence of ketosis was higher in third lactation or greater cows (71%) compared 
to second lactation cows (29%). There was an 18% occurrence of twins across both 
treatment groups with 50% of those animals developing postpartum ketosis. The overall 
occurrence of retained fetal membranes (RFM) was 32%. There was only one case of 
milk fever during the trial. 
Table 2.4: Occurrence of disorders by postpartum diet. 
Numbers in parentheses represent percentage of cows 
with indicated illness by diet or total number. 
Postpartum Diet 
Control  3.5% Fat  Total 
Cow, number  13  21  34 
Twins  4(31)  2 (10)  6 (18) 
RFM  7(54)  4 (19)  11(32) 
Ketosis  5 (38)  9 (43)  14 (41) 
Spontaneous  3  6  9 
Secondary  2  3  5 
Milk Fever  0  1 (5)  1(3) 38 
Feed intake and milk production 
During the prepartum period there were no differences in DMI (kg/day), DMI on a 
percent BW basis, or energy balance for cows that experienced ketosis postpartum 
compared to cows without ketosis (Table 2.5). There were no differences between cows 
that experienced ketosis for DMI on a percent BW at freshening or postpartum periods 
Table 2.5: Mean feed intakes, milk production and energy balance by main effect of 
postpartum diet and postpartum occurrence of ketosis. Periods defined as 
prepartum (-21 to -2 d), freshening (2 to 7 d) and postpartum (7 to 21 d). 
Postpartum disorder 
No ketosis Ketosis 
Cow number  20  14 
Dry matter intake, kg/day 
Prepartum  12.9  12.8 
Freshening  15.4  14.4 
Postpartum  17.4  15.6 
P 
.50 
.33 
.31 
Postpartum diet 
Control 3.5%Fat 
13  21 
14.1  15.6 
15.9  17.1 
P 
--­
.27 
.49 
SEMI 
.3 
.7 
.8 
Dry matter intake, % BW basis 
Prepartum  1.76 
Freshening  2.33 
Postpartum  2.82 
1.69 
2.11 
2.43 
.81 
.06 
.10 
2.10 
2.52 
2.32 
2.67 
.05 
.63  .08 
.42  .12 
Milk production, kg/day 
Freshening 
Postpartum 
30.9 
35.6 
30.4 
33.2 
.35 
.17 
30.9 
36.1 
30.3 
33.4 
.88 
.12 
2.7 
1.8 
Energy balance, Mcal/day 
Prepartum  8.9  9.0  .69  .5 
1SEM = standard error of the mean. 39 
compared to cows that did not experience ketosis (Table 2.5). Cows that experienced 
ketosis had lower milk production during the postpartum period compared to non-ketotic 
cows but it was not significant. 
There were no differences in DMI during the freshening and postpartum periods 
for cows fed the C or F diets. Cows that were fed the 3.5% supplemental fat diet 
experienced a trend to decreased milk production during the postpartum period. 
Blood metabolites 
Cows that experienced postpartum ketosis had similar NEFA, 13HB, glucose and 
calcium concentrations during both prepartum and freshening periods (Table 2.6). The 
NEFA and f3HB concentrations were elevated and glucose concentration depressed in 
cows with ketosis during the postpartum period compared to cows that did not experience 
the disorder. 
Cows fed the control diet had similar blood NEFA, 13HB and calcium 
concentrations during freshening and postpartum periods compared to cows fed the 3.5% 
supplemental fat diet (Table 2.6). Glucose concentrations were depressed in cows fed the 
3.5% supplemental fat diet during freshening compared to cows on the control diet but 
differences were not maintained in the postpartum period. 40 
Table 2.6: Mean blood concentrations by main effect of postpartum diet and postpartum 
occurrence of ketosis. Periods defined as prepartum (-21 to -2 d), freshening (2 
to 7 d) and postpartum (7 to 21). 
Postpartum disorder  Postpartum diet 
No ketosis Ketosis  P  Control 3.5%Fat  P  SEM 1 
Cow number  20  14  13  21 
Non-esterified fatty acids, 11M 
Prepartum  330  458  .20  --- 45 
Freshening  1069  1159  .66  1217  1021  .21  84 
Postpartum  717  1374  <.01  1101  989  .91  61 
0-Hydroxybutyrate, mg/dl 
Prepartum  6.8  6.5  .86  --- .5 
Freshening  14.9  19.7  .38  18.4  16.2  .63  1.8 
Postpartum  9.2  23.6  <.01  17.2  15.9  .50  1.2 
Glucose, mg/dl 
Prepartum  58.7  58.7  .83  --- 1.0 
Freshening  46.5  45.5  .50  48.1  43.9  .08  1.7 
Postpartum  49.0  43.6  .05  44.7  47.9  .63  1.5 
Calcium, mg/dl
 
Prepartum  10.6  10.2  .71  --- .2
 
Freshening  9.5  9.4  .65  9.8  9.8  .72  .4
 
1 SEM = standard error of the mean. 41 
PEPCK 
Cows that would experience ketosis in the postpartum period had lower levels of 
hepatic PEPCK activity prepartum compared to cows that did not experience ketosis 
postpartum (Table 2.7). Hepatic PEPCK was similar during the freshening period but 
during the postpartum period when the cows had ketosis, hepatic PEPCK activity was 
again lower than the healthy cows (Figure 2.1). This was not mimicked in the adipose 
tissue (Figure 2.2), where PEPCK activity did not change throughout the trial, regardless 
of the occurrence of ketosis. 
Cows fed the F diet had lower hepatic PEPCK activity during the postpartum 
period (P < .06). Cows from which adipose tissue was collected were all fed the F diet, 
therefore no comparisons with cows fed the C diet can be made. 
Hepatic PEPCK mRNA (Figure 2.3) was higher at freshening (P = .12) in the 
animals with postpartum ketosis, but no differences in hepatic activity were seen at that 
time (Figure 2.1). Neither hepatic or adipose PEPCK mRNA was found to be 
significantly different over time by ketosis (Figures 2.3 and 2.4). Main effect of diet had 
no significant effect on PEPCK gene expression (Figure 2.5). 42 
Table 2.7: Mean hepatic and adipose tissue PEPCK activity by main effect of
 
postpartum diet and postpartum occurrence of ketosis. Periods defined as
 
prepartum (-21 to -2 d), freshening (2 to 7 d) and postpartum (7 to 21 d).
 
Postpartum disorder  Postpartum diet 
Hepatic PEPCK activity No ketosis Ketosis  P Control 3.5%Fat  P  SEM' 
(nnoles/min/g protein) 
Cows, number  13  6  11  8 
Prepartum  9.9  6.5  < .01  - -­
Freshening  8.1  7.7  .65  8.2  7.6  .15  .60 
Postpartum  10.2  7.6  .04  9.8  8.6  .06  .50 
Postpartum disorder  Postpartum diet 
Adipose PEPCK activity No ketosis Ketosis  P  Control 3.5%Fat  SEM' 
(unoleskain/g protein) 
Cows, number  3  3  3 
Prepartum  1.05  1.14  .63  --- 1.1  .15 
Freshening  .53  .67  .86  --- .60  .08 
Postpartum  .82  1.0  .54  --- .91  .11 
1 SEM = standard error of the mean. 43  Figure 2.1: Hepatic PEPCK activity by occurence of ketosis 
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DISCUSSION 
Research on the role of ruminant PEPCK is currently limited in scope and depth. 
In hepatic tissue, PEPCK is catalyses the rate-limiting step of gluconeogenesis (Figure 
2.6). The conversion of OAA to PEP is the first step in allowing de novo gluconeogenesis 
to proceed (Hanson and Patel, 1994). In adipose tissue (Figure 2.7) the catalytic role of 
PEPCK is the same as in liver. Although its functional role is different. Adipose PEPCK 
is considered a key enzyme in glycerol synthesis, known as glyceroneogenesis, during 
hypoglycemia. By 
synthesizing glycerol de novo 
in the adipocyte, fatty acids 
can be recaptured to form 
TAG. This allows NEFA 
release into the blood to be 
regulated, preventing a flood 
of ketogenic precursors to the 
liver. Two forms of ruminant 
PEPCK have been 
characterized, a mitochondrial 
form (PEPCK-M) and a 
cytosolic form (PEPCK-C). Figure 2.6: The role of PEPCK in hepatic 
gluconeogenesis. 0 PEPCK-M, © PEPCK-C (Hanson 
The PEPCK-M is found to be and Patel, 1994). 49 
constitutively expressed 
whereas the cytosolic form 
is influenced by hormonal 
regulation (Heitzman et 
al., 1972). It is the 
cytosolic form of the 
enzyme that is discussed in 
the literature and has been 
reported on here. 
Contrary to this Figure 2.7: The role of PEPCK in adipose tissues,
 
glyceroneogenesis. OO PEPCK-M, 0 PEPCK-C. (Hanson
 
study where differences in and Patel, 1994). 
hepatic PEPCK activity 
between ketotic and non-ketotic cows were demonstrated (Table 2.7), earlier research on 
bovine ketosis and PEPCK has not established significant differences in the regulation of 
PEPCK activity or gene expression of the enzyme. Baird et al. (1968) reported no 
difference between normal lactating and ketotic cows. It is important to point out that the 
ketotic cows used for the study were from neighboring farms. This indicates that the 
cows on the trial were not on the same diets. Because ketosis can arise from feeds high in 
ketogenic precursors, an analysis of the rations would help to decipher the cause of the 
disorder. A decrease in gluconeogenic amino acids in ketotic cows was also reported. 
This could possibly be due to a diet that was limited in protein. Without understanding the 
composition of the rations, it is very difficult to eliminate diet from the cause of ketosis. 50 
The Baird study (1968) reported a wide range in days in milk (DIM) of the ketotic 
cows. Our results show significant differences in enzyme activity at 3 wk postpartum. 
Clinical signs of ketosis typically appear at 3 to 7 wk postpartum, but can appear as soon 
as 1 wk after calving. The cows used on the 1968 Baird study were selected after clinical 
signs had already occurred. Once cows are displaying clinical signs of ketosis, it may be 
too late to investigate the biochemical deviations that were significant in causing the 
disorder. The non-lactating cows on the trial by Baird et al. (1968) were not pregnant, 
making comparisons to our data difficult. 
Ballard et al. (1968) investigated the role of PEPCK in occurrence of bovine 
ketosis. They reported no differences between spontaneously ketotic and normal lactating 
cows. Neither diets nor reproductive state of the dry cows were reported on and, again, 
PEPCK activity was measured after onset of clinical signs. 
The study by Baird and coworkers reported that the pool of hepatic OAA was 
reduced in ketotic cows to one third the level in normal cows. Later, Ballard et al. (1968) 
described a reduction in the activity of the enzymes responsible for mitochondrial OAA 
synthesis from malate. Oxaloacetate is the substrate for PEPCK activity. If OAA 
concentrations were reduced, enzyme activity would be reduced. It is possible that pre-
and postpartum reduction in hepatic PEPCK activity of cows that experienced ketosis in 
our study is a reflection of decreased availability of substrates for PEPCK activity. 
Whereas in animals without ketosis, substrates for the synthesis of PEP from OAA are not 
limited and gluconeogenesis can proceed at normal rates. The decreased rates of PEPCK 
activity in cows that experienced ketosis did not have an effect on glucose production 51 
prepartum suggesting that the deficiency is not so severe as to affect glucose homeostasis 
under conditions of mild stress. The addition of stressors such as lactation and depressed 
feed intakes that occur postpartum may cause the impairment in metabolism to become 
evident, increasing the likelihood of the development of ketosis. The decreased prepartum 
PEPCK activity in cows that experienced postpartum ketosis seen in this study supports 
the concept of prepartum metabolic deficiencies that create postpartum susceptibility to 
ketosis. 
Both studies by Baird et al. (1968) and Ballard et al. (1968) expressed hepatic 
PEPCK values on a per gram tissue basis. The relationship between the ketotic and 
normal lactating cows may be misrepresented by the use of these units due to the 
relationship of hepatic lipidosis and ketosis as well as increased hepatic fat infiltration 
associated with calving. 
A recent study by She et al.  (1997) reported no difference in PEPCK gene 
expression at d 6  postpartum in cows that underwent a ketosis induction protocol. The 
increase in hepatic gene expression at freshening reported here (Figure 2.3) was not 
accompanied by an increase in mRNA activity. The half-life of rat hepatic PEPCK mRNA 
is thirty minutes and because there are no known allosteric inhibitors of rat PEPCK, 
change in activity is highly correlated with change in gene expression. We could not show 
this same correlation in activity and gene expression. 
Mills et al. (1986) showed evidence of decreased utilization of gluconeogenic 
precursors in cows that underwent ketosis induction protocols. The impairment in hepatic 
function was significant only during the ketotic stage. Our data supports these findings in 52 
illustrating decreased hepatic PEPCK activity in ruminants. It is also interesting that in the 
Mills et al. (1986b) study, ketosis induction protocol did not cause ketosis in one of the 
treated cows. This further substantiates the idea that physiological factors predispose 
some animals to ketosis. Our data clearly indicates prepartum differences in hepatic 
PEPCK regulation in cows that are susceptible to postpartum ketosis. The study by Dyk 
and Emery (1996) further supports these findings by showing increased prepartum NEFA 
concentrations in cows with postpartum disorders. It is possible that increased prepartum 
NEFA mobilization, hepatic uptake and oxidation of fatty acids to ketones leads to the 
build up of NADH in the mitochondria. It has been suggested that this accumulation of 
reducing agents limits the activity of the tricarboxcylic acid cycle (Herdt, 1988) which 
would reduce the concentration of OAA available for PEPCK enzyme action . 
It has been suggested that glucocorticoid stimulation of gluconeogenesis, as is seen 
in monogastrics, may improve gluconeogenic function in ruminants (Mills et al., 1986). 
Research on glucocorticoid regulation of PEPCK and gluconeogenesis has been 
inconclusive. Filsell et al. (1969) reported no effect of glucocorticoids on hepatic PEPCK 
synthesis, where as, Baird and Heitzman (1970) and Heitzman et al. (1972) reported 
decreased hepatic PEPCK activity in cows undergoing glucocorticoid treatment. If 
glucocorticoids decrease both adipose, as is seen in rats, and hepatic PEPCK activity, the 
overall effect would be a reduction in glucose synthesis and an increase in fatty acid 
mobilization. 
Metz and Van den Bergh (1977) reported prepartum cows subjected to 
glucocorticoid treatment had increased NEFA release from adipose tissue. This supports 53 
the evidence for negative regulation of PEPCK by glucocorticoids. A reduction in adipose 
PEPCK activity depletes available substrate levels necessary for re-esterification of fatty 
acids. Postpartum glucocorticoid administration did not increase NEFA release, but it did 
increase amount of tissue-associated free fatty acids, indicating that the substrate of TAG 
synthesis was reduced. From this, we can deduce that NEFA release is increased when 
factors that inhibit PEPCK activity are present (Metz and Van den Bergh, 1977), and 
increased prepartum NEFA concentrations have been linked to occurrences of metabolic 
disorders (Dyk and Emery, 1997). We did not find any difference in adipose PEPCK 
activity or mRNA in ruminants. 
At freshening cows fed the supplemental fat diet had a decrease in NEFA (P > .21) 
and glucose (P > .08) concentrations compared to cows fed the control diet. In the 
postpartum period, the trend for glucose by diet was reversed and hepatic PEPCK activity 
was higher in postpartum cows fed the control diet (Table 2.7). The trend for decreased 
glucose concentration at freshening for cows fed the diet with supplemental fat also was 
seen in a previous study in our lab in cows fed these same experimental rations (Carroll et 
al., unpublished data). Activity of PEPCK enzyme is naturally increased with the onset of 
lactation (Mesbah and Baldwin, 1983). Our results indicate feeding fat in the early 
postpartum period may reduce hepatic gluconeogenic function. This would explain the 
reduced milk production in cows on the F diet during wk 1-3 postpartum. 
The results discussed here support our original hypothesis concerning hepatic 
PEPCK activity in ketotic cows. This study lays the groundwork for future research on 
metabolic impairments and their role in ketosis occurrence. The data on hepatic PEPCK 54 
activity (Figure 2.1) illustrate a strong distinction between cows with postpartum ketosis 
and those without the disorder. It is possible that prepartum PEPCK activity will be a 
useful indicator in determining susceptibility of cows to postpartum ketosis. 55 
SUMMARY 
Through advancements in technology and research, net production per cow has 
increased 6,500 pounds since 1977 (USDA, 1997). Increased production is driven by the 
need for more efficient animals, but may escalate metabolic stress and subsequent 
disorders, such as ketosis. One means of alleviating ketosis is through understanding the 
physiological changes that occur before the clinical symptoms manifest. 
Researchers have utilized two means of investigating the development of ketosis. 
The first is a rigorous ketosis induction protocol that includes excessive energy in the 
prepartum rations with postpartum feed restriction and ketone supplemetation (Mills et al., 
1986b). This method does not induce ketosis in 100% of the treated cows, indicating that 
there are potential physiological factors, such as milk yield, age and metabolic differences, 
that are critical to development of the disorder. The second method of studying the 
development of ketosis is by field trial observations. Dyk and Emery (1996) investigated 
prepartum differences between cows with postpartum metabolic disorders and those that 
were healthy. 
Research at Oregon State University by Carroll et al. (1995) on feeding fat in the 
early postpartum found that the supplemental fat diet induced ketosis at a rate of 75% 
compared to the control ration's 25% occurence. We saw this as an opportunity to study 
ketosis by allowing the animals natural susceptibility to the disorder to manifest without a 
rigorous induction protocol. 56 
Using the fat supplementation model, we chose to investigate the physiological 
role of the enzyme PEPCK as a possible factor in ketosis development. 
In ruminants, little research has been done on the profile of the enzyme during the 
periparturient period and in the development of ketosis. We were able to show that there 
are differences in hepatic PEPCK activity between ketotic and non-ketotic cows at 7 to 21 
postpartum. More importantly, this difference between non-ketotic and healthy cows was 
seen prepartum, before any symptoms of ketosis were evident. This research has shown 
that there are physiological factors in the prepartum period that indicate the occurence of 
postpartum ketosis. 57 
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APPENDIX
 64 
Appendix 
Methods for extraction of mRNA and Northern blot analysis modified from Chomezynski, 
P. and N. Sacchi. 1987. Single step method of RNA isolation by acid guanidinium 
thiocyanate-phenol-chloroform extraction. Anal. Biochem. 162:156. 
Approximately 0.5 to 1 g of tissue was crushed with a mortar and pestle in liquid 
nitrogen, added to 10 mis of denaturing solution (4 M guanidinium, 25 mM sodium 
citrate, 0.5% sarkosyl and 0.1 M (3-mercaptoethanol) and homogenized at speed 7 of a 
Polytron homogenizer for 10 seconds. After homogenization, two equal volume 
chloroform extractions were carried out on ice. The top (aqueous) phase was removed to 
a clean tube and had 1/10 volume of 2 M sodium acetate, an equal volume acid 
equilibrated phenol, and 2/5 volume chisam (49:1 v:v chloroform: isoamyl alcohol) added 
and then was allowed to sit on ice for 15 minutes. Samples were then centrifuged at 
15,000 x g for 15 minutes at 4° C. The aqueous phase was then removed and an equal 
volume of isopropanol was added and the tubes sat overnight at -20° C. The following 
day, the tubes were centrifuged for 15 minutes at 15,000 x g at 4° C. The pellet was 
resuspended in 1 ml of 75% ethanol (in DEPC-treated water) and spun at 4° C at top 
speed of the microcentrifuge. A total of three washes in ethanol were carried out under 
the same conditions. The pellet was finally resuspended in 0.5% SDS (in DEPC-treated 
water) and spun one last time, this time the supernatant containing the mRNA was saved 
in a clean microcentrifuge tube. Total RNA was quantitated on the spectrophotometer at 
260/280 nm by using the formula of 260 reading x dilution factor x 40 lag/nil RNA = RNA 65 
concentration. Isolated RNA samples were stored at -80° C. 
After isolation, Northern blots were performed. Fifteen to 20 mg of RNA was 
resuspended in 4X sample buffer [100 µl 10X Northern buffer (200 mM HEPES, 10 mM 
EDTA, pH 7.8)], 500 p.1 formamide, 160 ml 37% formaldehyde) and heated at 65° C for 
10 minutes. Before loading, 2 gl of 10% Bromophenol blue was added to the samples. 
The samples were run on a 1.25% agarose gel made up with 84% 1X Northern buffer and 
16% of 37% formaldehyde. The gel was run at 50 volts for 3 to 4 hours in 1X Northern 
Buffer. The gel was then allowed to equilibrate in 10X SSPE (1.5 M NaC1, 115 mM 
NaH2PO4-H20, 10 mM EDTA, pH 7.4) for 20 minutes. The blot was set up with pre-wet 
Whatman #1 filter paper for a downward transfer of the RNA to a nylon membrane. The 
samples were allowed to transfer overnight. Then the membrane was crosslinked for 30 
seconds at 1200 MJ, re-wet with 1X SSPE and stained with 0.02% methylene blue (in 0.3 
M sodium acetate, pH 5.5). Notes on loading and integrity of the RNA were then made. 
The membrane was destained in 1X SSPE for 15 minutes and them allowed to bake for 1 
to 2 hours at 80° C in a vacuum oven. The remaining stain was then stripped with 0.1X 
SSPE/1% SDS for 15 minutes. Prehybridization of the blot with SSPE hybridization 
solution [25% 20X SSPE, 10% 50X Denhardts, (5 g Ficoll, 5 g polyvinylpyrrolidone, 5 g 
bovine serum albumin (Fraction V)) in 500 ml ddH2O] 1% SDS, 1% Sonicated salmon 
sperm DNA, 50% deionized formamide, and 4% DEPC water) was incubated for at least 
four hours in a hybridization oven at 42° C. The PEPCK probe was from a plasmid 
containing cDNA encoding PEPCK, provided by Dr. Richard Hanson, Case Western 
Reserve University. The probe was labeled according to the Boeringher Mannheim 66 
Random Prime Labeling kit with P32-dCTP. Labeled probe was added at 1 x 106/m1 
hybridization solution. The blot hybridized with the probe at 42° C overnight. After 
hybridization, the blot was rinsed with 1X SSPE/0.1% SDS and then washed 3 times with 
0.1X SSPE/1% SDS at room temperature for 15 min. A final wash in 0.1X SSPE/1% 
SDS is done at 50° C for 15 min. The membrane is then covered with plastic wrap and 
exposed to film. The blot was then stripped at 70° C for 30 minutes and re-probed with 
18S RNA probe (Olsen et al., 1986), an oligonucleotide probe specific for 18S RNA, 
labeled with y-dATP and t4 polynucleotide kinase following manufacturers 
recommendations (Promega). Blots were prehybridized and hybridized overnight at room 
temperature. Blots were then washed 1X SSPE/0.1% SDS 3 times at room temperature. 
The membrane is then wrapped in plastic wrap and exposed to film overnight. Stripped 
blots are stored at -20° C. The 18S is used to standardize the PEPCK band for unequal 
loading or poor integrity. Both the 18S film and the PEPCK film were then scanned into 
the computer and quantitated by a densitometer. Six mRNA samples were lost due to 
RNase contamination or background contamination of the blot. 